INTRODUCTION
Glutamate plays a major physiological role in enteric bacteria as the first organic form of nitrogen and as a counterion to K+ during turgor regulation. By the judicious use of mutants and toxic analogues three separate glutamate transport systems have been defined (Table 1) (Schellenberg & Furlong, 1977) . Of the three systems only GltI is specific for glutamate since both GltII and GltIII also transport aspartate. In consequence, the transport systems can be differentiated by their sensitivity to the aspartate structural analogues cysteate and DL-threo-Phydroxyaspartate (Schellenberg & Furlong, 1977) . The GltI system does not transport aspartate analogues, whereas, the GltII system is responsible for the uptake of both cysteate and DL-threo-P-hydroxyaspartate. Cysteate appears to be the only analogue transported by the GltIII system (Schellenberg & Furlong, 1977) . Paradoxically, in wild-type E. coli none of these three transport systems is expressed at a sufficiently high level to allow glutamate to be utilized as sole carbon source (Halpern & Umbarger, 1961) .
Few of the genetic loci involved in the transport of glutamate have been identified. Two genetic loci have been defined which cause elevated expression of glutamate transport activity (Marcus & Halpern, 1967 , 1969 . The gltS locus maps at 82 min and the gltR locus is located at approximately 92 min on the E. coli chromosome (Marcus & Halpern, 1967 , 1969 Bachmann, 1983) . The gltS locus has been suggested to encode the structural gene for the Na+-dependent glutamate transport system GltI (Essenberg, 1984) . Growth on glutamate as sole carbon source using this transport system requires a mutation, gltS, (formerly gltC), that increases the expression of the structural gene, gltS, and which maps adjacent to the proposed structural gene (Marcus & Halpern, 1967) .
A second genetic locus, gltR, was identified by the isolation of temperature-sensitive mutants that allowed growth on glutamate as sole carbon source at 42 "C but not at 30 "C (Marcus & Halpern, 1969) . It was proposed that the gltR locus encoded a repressor gene for a glutamate transport system. Since at that time the only recognized glutamate transport system was that encoded by the gltS locus it was proposed that GltR was the repressor of the gltS gene and that the gltS, mutation was an operator-constitutive mutation (Marcus & Halpern, 1969) .
We have isolated mutants that are able to grow on glutamate in the absence of the GltI system. Here we report the characterization of the transport system expressed to a high level by these mutants and the genetic mapping of the locus responsible for the change in expression. The transport system has been characterized physiologically as the GltII system (Schellenberg & Furlong, 1977) and genetic mapping has shown that the locus maps to approximately 92 min on the E. coli genetic map. A number of independent mutations have been isolated that lead to inactivation of the transport system. Since each of these independent mutations has been mapped to the same locus at approximately 92.5 min on the E. coli genetic map it is suggested that the structural gene(s) for the transport system reside at this locus in addition to regulatory elements.
M E T H O D S
Bacterial strains. All strains were derived from E. coli K12 and are listed in Table 2 with their derivations. Growth conditions. Cells were grown on minimal medium (Ahmed & Booth, 1983) with the relevant carbon source present at 0.2% (w/v). Auxotrophic requirements were added as required from sterile stock solutions: amino acids, 50 pg ml-l; thiamin, 1 pg ml-1 ; and uracil, 50 pg ml-l. Sugar utilization patterns of strains and transductants were determined using MacConkey agar base with the appropriate sugar present at 1 % (w/v).
Antibiotics were present in agar plates at the following concentrations: tetracycline, 25 pg ml-l; ampicillin, 25 pg ml-l; kanamycin, 25 pg ml-l; and chloramphenicol, 12.5 pg ml-l, For determination of growth rates and for the preparation of cells for use in transport experiments cells were grown in minimal medium with glucose (0.2%, w/v) and appropriate supplements in a shaking incubator at 37 "C. In order to maximize aeration the culture volume never occupied greater than 20% of the flask volume. Cells required for genetic manipulations were grown overnight in complex medium (LK; Rowland et al., 1984) .
Analogue sensitioity tests. The sensitivity of strains to toxic glutamate and aspartate analogues was investigated by spreading lo8 cells of an overnight culture grown on glucose minimal medium onto agar plates of the same medium. A sterile 6 mm filter paper disc was placed in the centre of the plate and 10 11 of a sterile solution of the analogue added to the disc; the plates were then incubated at 37 "C overnight. The stock solutions of the analogues used were : L-cysteate, 0.06 M; 8-hydroxyaspartate, 0.12 M; Dglutamate, 0.25 M; homocysteate, 1 M. Alternatively, strains were grown to mid-exponential phase on glucose minimal medium and the toxic analogue added to the growing culture once the exponential phase of growth had been established. Growth was monitored by the measurement of the optical density of the culture at 650 nm.
Isolation ofmutants. Spontaneous mutants with elevated glutamate transport activity were isolated by spreading onto glutamate minimal medium plates approximately lo9 cells of overnight cultures grown from separate single colonies on minimal medium. After incubation for 48 h at 37 "C colonies were purified on LK plates and then single colonies tested for their ability to grow on glutamate as sole carbon source. UV mutagenesis of cells was done as described by Miller (1972) and selection of mutants was as described above. Mutants resistant to cysteate were isolated as spontaneous mutants that arose in the zone of inhibition surrounding a filter disc carrying 500 pg cysteate.
Isolation ofMu insertions that confer cysteate-resistance.
A pool of insertions of Mud1168 1 in strain MJF290 was made as described by Castilho et al. (1984) . Cysteate-resistant mutants were isolated by plating approximately 104-105 cells from the pool onto minimal medium plates containing 500 pg cysteate ml-l. Resistant mutants were purified on LK plates containing kanamycin (25 pg ml-l) and retested for resistance to cysteate. Kempsell (1987) ; d, C. F. Higgins, University of Dundee, UK; e, this study.
Glutamate transport in E. coli
Isolation of TnZO insertions. TnZO insertions close to the melAB locus were isolated by transduction of a melB strain M1900 simultaneously to tetracycline-resistance and growth on melibiose using phage P1 grown on a TnlO pool generated in an E. coli strain wild-type for the Me1 locus (Booth et al., 1985) . Transductants that were both tetracycline-resistant and able to grow on melibiose were purified and the location of the TnlO insertion mapped by transduction using markers in the region 91-94 min of the E. coli genetic map. From this analysis one TnlO insertion was identified which exhibits 10-15% cotransduction with melAB and approximately 5 % cotransduction with malB. This TnZO insertion was designated zjc225Z : :TnZO. Strain AKK252 was constructed by transduction of ES430 (Table 2) to tetracycline-resistance using strain AKK251 as donor and purification of a Mal-derivative.
Genetic analysis. Transduction was done as described by Miller (1972) using bacteriophage P1. Transport protocols. Cells were grown overnight at 37 "C on minimal medium with glucose as sole carbon source and then diluted to an OD650=0-1 and grown to OD65o =0.8. The cells were then harvested by centrifugation and washed twice by resuspension in 10 ml 20 mM-bistrispropane/HCl buffer, pH 7, containing 150 mhl-choline chloride and 5 mM-KCl and further centrifugation. After two such washes the cells were suspended to approximately 0.5 mg dry wt ml-l in the above buffer and stored on ice until required.
Cells were incubated in open, water-jacketed, glass vessels maintained at 25 "C. Samples (1 ml) of cell suspension were pre-incubated in the presence of glucose (10 mM) and inhibitors and cations added as appropriate. . Thereafter, 100 pl samples were removed at intervals and placed on GFF filters on a Millipore filter manifold and washed with two 3 ml vols of the incubation buffer. At the end of each experiment the filters were dried and transferred to scintillation vials to which a PPO/POPOP cocktail was added. The vials were counted in a Packard scintillation counter (model 300C) and the c.p.m. values converted to nmols amino acid taken up using a standard derived from counting a known quantity of the same isotope under similar conditions. Chemicals. Tryptone, MacConkey agar base and yeast extract were purchased from Oxoid. All fine biochemicals were purchased from Sigma and all inorganic chemicals were obtained from BDH. Radiochemicals were purchased from Amersham. I . R. 
RESULTS

Characterization of the Glt+ mutants
Spontaneous mutants able to grow on glutamate as sole carbon source were isolated. The mutants were characterized by their sensitivity to toxic analogues of glutamate and aspartate which revealed two separate classes of mutants. Class I mutants exhibited high sensitivity to the presence of D-glutamate but were relatively insensitive to cysteate, properties typical of the GltI transport system (Table 3; Schellenberg & Furlong, 1977) . In contrast, the second class of mutants was typified by sensitivity to cysteate and P-hydroxyaspartate and relative insensitivity to D-glutamate (Table 3) . Similarly, the class I mutants did not grow in the presence of homocysteate, a substrate of the GltI system, whilst class I1 mutants were insensitive to this toxic analogue (data not shown). These properties suggest that the class I1 mutants have increased activity of the GltII permease (Schellenberg & Furlong, 1977; Essenberg, 1984) . In accordance with this, it was observed that the inhibition of growth of the class I1 mutant KGM5104 by cysteate and D-glutamate was independent of Na+ ( Fig. 1) . In contrast, growth of MJF1, a strain that expresses the gltS-encoded GltI permease, was more sensitive to D-glUtamate if Na+ was present in the growth medium (Fig. 1) .
The transport properties of class I1 mutants were investigated. Strain MJF290 exhibited an 8-fold increase in the rate of glutamate transport and a 4-fold increase in aspartate transport relative to the parent JM2137 (Fig. 2) . The transport of glutamate was inhibited by aspartate and by DL-threo-P-hydroxyaspartate in both JM2137 and MJF290 but the inhibition was more severe in the latter strain (Fig. 2) . Transport of glutamate was independent of the presence of Na+ in the incubation buffer (data not shown). Aspartate uptake was inhibited by glutamate and the inhibition was greater in the mutant (43% and 86% inhibition by a 100-fold excess of glutamate over aspartate in JM2137 and MJF290, respectively). These data are consistent with the operation of the GltII system as the major route of glutamate and aspartate uptake in the mutant strains.
Mapping of the mutations conferring a Glt+ phenotype
Only two loci have been implicated in glutamate transport, gltS and gltR (Marcus & Halpern, 1969) . Since the gltS locus encodes the GltI system (Marcus & Halpern 1969; Essenberg, 1984) we sought to determine whether the mutations mapped close to the gItR locus. Glutamateutilizing strains were transduced to tetracycline-resistance with AKK252 (zjc2251: : TnlO malB) as donor and the retention of growth on glutamate scored. In all strains tested the mutation conferring glutamate utilization was found to be approximately 50% cotransducible with Table 5 . Transduction of MM173 to TetR with MJF336 as donor MM173 (Mal-Glt-) was transduced to tetracycline-resistance using MJF336 (Mal+TetRGlt+) as donor. Transductants were screened for inheritance of Mal+ and Glt+ markers as described in Table 4 .
Transductant class
No. of transductants 12 15 13 10 zjc22.51: :TnlO (Table 4) . When strain AKK252 was transduced to Mal+ using either KGM5104 or KGM5101 as donor, 9% and 3-5%, respectively, of the transductants were found to be Glt+. Since all the Glt+ transductants were resistant to tetracycline the probable gene order is malBglt-zjc22.51: : TnlO.
The linkage of the Glt allele of strain MJF291 to uvrA : :TnlO was investigated and the allele was found to be approximately 48% linked to this TnlO insertion (24/50 transductants were unable to grow on glutamate when MJF29 1 was transduced to tetracycline-resistance with N3055 as donor). When MM173 (AmalB) was transduced to tetracycline-resistance with MJF336 (uvrA : : TnlO, Glt-6) as donor all possible classes of transductants were observed indicating that the Glt+ and MalB+ alleles segregate independently of each other (Table 5) .
Taken together, these two experiments suggest that the Glt locus lies between uvrA and the point of insertion of zjc22.51: : TnlO, i.e. between 92 min and 92.5 min on the E. coli genetic map.
Mutants resistant to aspartate analogues
In order to characterize the Glt locus further, mutants were isolated that were resistant to aspartate analogues. Such mutants can arise from inactivation of the promoter of the structural gene, or from inactivation of the structural gene itself, or by reversion of the original mutation. Four independent spontaneous cysteate-resistant mutants (MJF320-323 ; Table 1 ) were isolated from strain MJF290 and were transduced to tetracycline-resistance using MJF324 as donor. Approximately half of the tetracycline-resistant transductants re-acquired sensitivity to cysteate and the capacity for growth on glutamate (range 37-47/100 Tet' transductants).
Similarly, three independent Mud11 68 1 insertions (strains MJF287-289) that were kanamycin-and cysteate-resistant were isolated and were transduced to tetracycline-resistance with MJF333 (uurA : : TnlO, Glt-4). Tetracycline-resistant transductants of each isolate acquired the ability to grow on glutamate and lost resistance to cysteate and kanamycin at a frequency of 50-52 %. All transductants that acquired the ability to grow on glutamate simultaneously became kanamycin-sensitive and vice versa. Both classes of cysteate-resistant mutants exhibited rates of glutamate transport that were approximately 8-12% of that of the mutant MJF290 from which they were derived (data not shown). These experiments indicate that mutations that confer resistance to cysteate map at the same locus as those conferring the ability to grow on glutamate and suggest that the locus encodes the structural gene for the GltII glutamate/aspartate transport system.
DISCUSSION
The presence of transport systems and their relative activity under different physiological or genetic regimes may be investigated either by the direct measurement of transport activity using radiolabelled substrates or indirectly by observing the sensitivity of the growth of the cells to toxic analogues that are substrates for the relevant transport systems (Alper & Ames, 1978) . Using the former approach Schellenberg & Furlong (1977) ascertained that three glutamate transport systems are present and expressed at low levels in E. coli (Table 1 ). The mutants described here exhibit increased sensitivity to the toxic aspartate analogues cysteate and DLthreo-P-hydroxyaspartate (Table 3 ). The sensitivity of the cells to the toxic analogues was independent of the presence of Na+ in the growth medium (Fig. 1) . Further, in the typical mutant strain MJF290 the rate of transport of glutamate and aspartate was enhanced and glutamate transport was strongly inhibited by m-threo-P-hydroxyaspartate. These properties are consistent with increased activity of the GltII transport system in the mutant strains (see Table 1 ).
Two types of mutations have been isolated that affect the activity of the GltII system. The mutation in strain MJF290 and other class I1 mutants (Table 3 ) increases the activity of the GltII system sufficiently to sustain rapid growth on glutamate as sole carbon source (doubling time approximately 85-105 min; data not shown). It seems likely that these mutations affect either a regulatory gene or the promoter of the structural gene for the GltII system. The second type of mutation at the glt locus, on the other hand, almost certainly affects the structural gene since all the mutations reduce transport activity via GltII leading to acquisition of resistance to cysteate. Transposon insertion mutants that confer resistance to cysteate must arise by inactivation of a structural gene and the simplest explanation for this class of mutant is that of insertion of Mud11681 phage into the structural gene for the transport system.
All the mutations that affected the activity of the GltII system were found to map at a locus that lies between uurA and the point of insertion of the zjc22.51: : TnlO (approximately 0.9 min counterclockwise of the melAB locus; Kempsell, 1987) . Thus it appears likely that this locus encodes the structural gene for the GltII transport system and possibly regulatory elements. This locus is close to the reported position of the gltR locus that has been implicated in the control of expression of a glutamate transport system (Marcus & Halpern, 1969) . Although it was suggested that gltR encoded a repressor of expression of the GltI system no experimental test of this conclusion was performed as the multiplicity of glutamate transport systems was not fully recognized at that time and unfortunately the original mutations are no longer available (M. Halpern, personal communication) . The close proximity of the locus described here to gltR suggests the possibility that the mutations at the gltR locus may affect the GltII transport system rather than the GltI system.
Recently, two genetic loci have been cloned that confer a Glt+ phenotype on E. coli B (Deguchi et al., 1989) . One of these has been characterized as encoding the gltS locus and the other encodes a locus (termed gltP) that encodes a glutamate/aspartate transport system. Both transport activities could be studied in membrane vesicles suggesting that their energy coupling is to the protonmotive force. Preliminary data suggest that the activity of the GltII permease elevated in our mutants is also coupled to the protonmotive force (I.R. Booth, unpublished data). Since the GltIII system is probably ATP-dependent (Schellenberg & Furlong, 1977) we suggest that the gltP locus cloned by Y. Anraku and his colleagues (Deguchi et al., 1989 ) is most likely to be the GltII locus. Clearly, the cloning of this locus opens the way for investigation of the basis of the crypticity of growth on glutamate.
